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Solvatochromism in Perylene Diimides; Experiment and Theory   
C. A. Fuller,
a,†
 and C. E. Finlayson
a,
*
 
We report an experimental and computational investigation into the solvatochromism of a perylene diimide derivative. 
The alkyl swallowtail substituents allowed solubility in many solvents of widely differing polarity, with a complicated 
resultant behaviour, illustrating both negative and positive solvatochromism as a function of dielectric constant. 
Luminescence quantum yield and optical absorption linewidth displayed an inverse correlation, indicating varying degrees 
of intermolecular aggregation, and a remarkably similar trend was found between the peak absorption wavelength and 
the solvent boiling point, illustrating the dependency of aggregation on the solvent interactions. These outline trends may 
be parameterised by an empirically derived dimensionless quantity, as a tool to be used in more sophisticated future 
models of solvatochromism in small molecule chromophores.
Introduction 
Perylene molecules are a class of semiconducting polycyclic 
aromatic hydrocarbons with the empirical formula C20H12.
1
 
Due to their favourable photophysical properties, stable n-type 
semiconducting properties, and chemical versatility, perylene 
diimides (PDI) in particular have gathered interest in recent 
years. It is possible to chemically modify the PDI structure by 
introducing peripheral substituents, allowing modulation of 
inter- and intramolecular forces, thus molecules of significantly 
different optical, electronic and conformal properties may be 
tailored.
2, 3
 Furthermore, PDIs and their derivatives have 
become increasingly well-recognised materials for use in 
photovoltaics, organic light emitting diodes and organic thin-
film transistors.
4-8
 Further optmisation of the electronic and 
optical properties of PDIs holds potential for improved device 
performance. Developments in supramolecular chemistry have 
also yielded numerous examples of the use of PDIs as moities 
and modular components in engineered arrays, with advanced 
photophysical, optical and electronic functionality.
9-13
 
The rigid aromatic core of many perylene derivatives 
favour π-π intermolecular interactions. The planar π-
conjugated core of PDI molecules are typically characterised by 
strong π-π stacking, which can play a key role in J- and H-
aggregation  and self assembly.
6, 14
 The complex nature of 
these processes involves different types of intermolecular 
forces, including hydrogen bonding, van der waals, and ligand 
interactions, depending on the system of molecules.
13, 14
 The 
ability to modify the PDI cores by adding substituents can 
induce various effects on the packing structures;
15, 16
 molecular 
groups may be bonded to each of the outlying carbon atoms, 
where sections of the core are aptly named the peri, bay and 
ortho-positions, and a detailed study of this was reported by Li 
et al.
2
  Alterations to the peri-positions tend to exclusively 
affect solubility and aggregation of PDIs, thus the focus of this 
investigation was therefore towards solvation behaviour and 
associated photophysical trends. The PDI molecules studied 
here are shown in Figure 1; material X, where C6 alkyl 
swallowtail substituents are located on the N-terminal of the 
imide group at the peri-position of the perylene core, and 
material Y, where bulkier cargoes featuring three C12 alkoxy 
side chains are positioned on the N-terminals. 
Kasha and others have developed a classification of H- and 
J-type aggregation, relating photophysical roles and 
morphology in molecular assemblies.
17-19
 Compared to the 
monomer emission, the head-to-tail structure of J-aggregates 
often exhibit high luminescence quantum yields. By contrast, 
the face-to-face stacked structures of H-aggregates are 
commonly associated with strong quenching. 
 
Figure 1; schematics of the chemical structures of the perylene-diimides (PDIs) being 
studied, denoted as materials X and Y as indicated. The clear solvatochromism of PDIs 
is shown (top inset), as material X is dissolved in a range of differing solvents. 
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Generally, a bathochromic absorption band shift signals the 
presence of J-type aggregation, due to the formation of low 
energy absorption bands (conversely, higher-energy, 
hypsochromic bands result from H-type).  J-aggregates are also 
associated with a narrow absorption band and a small Stokes 
shift, whereas the line-shapes of H-aggregates are more 
complicated due to the complex vibronic structure of organic 
dyes. Whilst the trends of H- and J-bands contrast, molecules 
have displayed both qualities simultaneously,
20
 and the 
versatility of PDI derivatives means that H- or J- aggregates 
may be formed for a given molecule depending on the added 
substituents and, critically, the nature of the solvent.
18, 21
 
Whilst these studies have focused on the influence of 
aggregation, other models have proposed other mechanisms, 
such as competition between structural change and 
intramolecular charge transfer,
22
 particularly in molecules 
liable to exhibit a zwitterionic character.
23
 
This study characterises, compares, and models the optical 
properties of a particular PDI derivatives (as described) with an 
emphasis on solvatochromic behaviour and trends in a range 
of solvent media Measurements show an unusual overall 
behaviour as a function of dielectric constant, with regimes of 
both negative and positive solvatochromism, for which we 
develop an intuitive empirical model based on how the 
physical properties of solvents may influence the nature of 
aggregation.   A detailed quantum computational study of the 
electronic states of the molecule was also conducted, using 
suitable molecule-solvent interaction models, offering a 
qualitative insight into the significance of molecule-molecule 
interactions beyond these simulations. 
Methodology 
The wide-ranging solubility of the PDI derivative X allowed for 
a deeper analysis of the trends associated with aggregation 
and solvatochromism, whereby the molecule was dissolved 
into six solvents of varying dielectric constant ε (toluene ε = 
2.38, chloroform 4.81, ortho-dichlorobenzene/o-DCB 9.93, 
acetone 20.7, acetonitrile 37.5, dimethylsulphoxide/DMSO 
46.7); all solvents used were purchased from Sigma-Aldrich 
(UK). As shown is the image in Figure 1 (inset) the 
solvatochromic effect is readily observable to the naked eye. 
Comparable measurements were also made with PDI 
derivative Y, albeit within its narrower range of solubility (ε = 
2.38 to 9.93). 
Optical absorption spectra were measured under ambient 
conditions using a Red Tide UV-VIS Spectrometer (Ocean 
Optics) with deuterium (UV) and tungsten (visible) light 
sources, which produced a broadband white-light spectrum 
from λ = 220 to  
850 nm. Spectra were fully corrected for both dark noise and 
reference baseline for each solvent medium used. Sample 
solutions were prepared in 3.5mL cuvettes, path length 1 cm 
with relatively low concentrations (range of <10
-6 
M) used to 
avoid any saturation and re-absorption effects in the 
measured optical spectra. Critically for the present study of 
solvatochromism, this regime of concentration was such that 
the principle absorption spectral features were not observed 
to vary as a function of dilution (see Figure 2a). 
Figure 2; (a) Invariance of the absorption spectra of PDI material X as a function of 
increasing concentration in the <10
-6 
M regime in ortho-dichlorobenzene (o-DCB). 
Fitting of experimental data; (b) optical absorbance and (c) photoluminescence of X in 
o-DCB, with the sum of the three fitted Gaussian peaks is shown in each case as 
indicated. 
The sample fluorescence (photoluminescence, PL) in 
various solvents was measured using a diode-pumped solid-
state (DPSS) laser photo-excitation source (λ = 473 nm, power 
≈ 2 mW) with solutions and cuvettes in a fixed geometry, and 
at a fixed distance from the source. The emitted PL was 
collected at 90° to the incident light, using a fibre-coupled 
USB2000+ CCD Spectrometer (Ocean Optics). A direct method 
of measuring photoluminescence quantum yield (PL-QY) was 
employed, whereby a reference sample of known quantum 
efficiency was used as a comparison;
24, 25
  the dye Rhodamine 
6G was chosen as the reference as it absorbs in a similar region 
of the spectrum to the PDI molecule, as is well characterised. 
With the optical spectra of both the reference and PDI solution 
in a given solvent, the following equation was applied: 
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Figure 3; (a) absorption and (b) photoluminescence spectra of the PDI material X in 
each of the solvents studied, as indicated. All solutions were prepared in the 
concentration range of <10
-6
 M. (c) shows corresponding absorption spectra for 
material Y in the 3 tractable solvents used. 
where ‘Ф’ is the quantum yield, ‘X’ is the integrated area under 
the emission peak; ‘A’ is the absorbance at the excitation 
wavelength, and ‘n’ is the refractive index of the solvent. Each 
subscript ‘R’ refers to the respective values of the reference 
standard.
26
 The determined statistical error from multiple 
propagations for each quantum yield calculation was 
approximated to be ±5%.  
Quantum chemical simulations were performed using the 
Gaussian 09
‡
 software, with the GaussView
§
 graphical user 
interface. A relatively demanding basis set 6-31+G with the 
B3LYP functional was chosen for simulations, as it have shown 
to yield computationally tractable yet accurate results.
27
 The 
ground-state/excited-state geometries of the molecule were 
optimised using the DFT/TD-DFT methods. All alkyl side-groups 
were removed prior to simulations as a computational 
necessity; such groups have a negligible influence on the core 
orbitals, whilst significantly extending the time taken for a 
convergent simulation output.
28
 Frequency simulations were  
 
 
Figure 4; (a) Quantum yield and HWHM of the optical absorption spectra for PDI 
material X in various solutions. (b) The inverse correlation of Quantum yield and 
HWHM is illustrated, together with a regression analysis. (c) The absorption wavelength 
maxima in various solutions and the boiling point of the respective solvent; 
comparative data for material Y is shown as indicated.  
calculated for the ground and excited-states to enable further 
detailed simulation of the vibrationally resolved absorption 
spectrum, providing an additional gauge of the efficacy level of 
the simulation methods employed.
29
 The methodologies 
followed those in the software technical report in GAUSSIAN 
09, Revision A.02; namely, “Vibrationally-resolved electronic 
spectra in GAUSSIAN 09”, by V. Barone, J. Bloino, M. Biczysko.
#
 
Results and discussion 
Experimental results 
As shown in Figure 2b, the characteristic absorption spectrum 
of material X exhibits the 0-0, 0-1 and 0-2 vibrational mode 
Page 3 of 7 Physical Chemistry Che ical Physics
P
hy
si
ca
lC
he
m
is
tr
y
C
he
m
ic
al
P
hy
si
cs
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
16
 N
ov
em
be
r 2
01
7.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f W
al
es
 A
be
ry
stw
yt
h 
on
 2
2/
11
/2
01
7 
10
:1
2:
53
. 
View Article Online
DOI: 10.1039/C7CP05039A
Paper PCCP 
4 | Phys. Chem. Chem. Phys ., 2017, 00, 1-6 This journal is © The Royal Society of Chemistry 2017 
Please do not adjust margins 
Please do not adjust margins 
transitions of the S0-S1 electronic transition, in common with 
such planar π-conjugated organic molecules.
10, 30
 A relatively 
small Stokes shift was measured in the range of 10 nm, as is a 
common trait of spectra with the most intense peak 
corresponding to the 0-0 transition. In Figure 2c, the PL and 
absorption spectra are mirrored with three peaks being 
resolvable, as per the Franck-Condon principle.
30
    
In Figure 3, the solvatochromism of the PDI material X is 
shown spectroscopically, with both the absorption and PL 
showing significant variation in the solvents studied, as 
collated in Table 1. Extracting the trend of the 0-0 transition 
peak wavelength against solvent dielectric constant shows a 
general  
trend of hypsochromism in the low to mid ε range, and a 
reversed trend of bathochromism in the mid to high ε range 
(see Figure 4c). We note the broad similarity of these 
behaviours to those reported earlier by Zoon and Brouwer.
31
 A 
similarly interesting correlation was found between the 
quantum yield and half-width half maximum (HWHM) of 
absorption maxima bands as a function of the dielectric 
constant of the solvent medium (see Figure 4a).  
As the trends of solvatochromism do not follow the simple 
bathochromic relationship expected from solvent-molecule 
interactions,
32
 these results suggest a varying degree of 
aggregation, and aggregation mechanisms, driven by changes 
in solvent polarity. Further analysis of this will be described in 
the simulations below. J-aggregates, in particular, are 
characterised by narrow absorption bands and high quantum 
yields, which correlates well with J-aggregation effects being 
most evident in Acetone (ε = 20.7). In addition to this, the 
higher degree of quenching in most solutions may indicate the 
presence of some H-type aggregation. Thus a more complex 
system of supramolecular structures is considered, whereby 
both species-type may be co-existent.  
Furthermore, it is clear that the π–π stacking of these 
aromatic molecules is strongly influenced by the solvent, a 
result consistent with previous studies.
16, 33
 We might consider 
such molecule-molecule interactions may be influenced by the 
intermolecular forces (e.g. Van der Waals) in the solution 
media. A marked correlation was found empirically between 
the absorption wavelength maxima and the boiling point of its 
respective solvent; this is highlighted in Figure 4c, showing 
evidence of the significant influence solvent polarity has on the 
behaviour of aggregated PDI molecules in solution. It is 
hypothesised that the complex group of intermolecular forces 
which are responsible for the solvent boiling point also 
influence these aggregated PDI molecules in solution, resulting 
in the similarities between the two. The wavelength shifts are 
thought to correspond to aggregation fluctuations, whereby 
different solvents will cause the PDI molecules to form 
different aggregated structures. 
 
Modelling and Simulations results   
A universal model predicting solvatochromic shifts may prove 
useful in this field and perhaps could be implemented in 
computational simulation methods. Thus an elementary 
model, both intuitive and semi-empirical, is devised here to 
describe the solvatochromic variations, using parameters 
commonly associated with solubility and boiling point values. A 
degree of correlation between solvatochromism and molecular 
dipole moment has been observed in previous articles, and 
further study found that various other solvent parameters 
broadly matched this unique trend, such as the density and 
molecular weight.
3
 As a result, an attempt to derive a simple 
equation-based model, which linked the boiling point and 
wavelength shift, via a standard dimensional analysis of these 
key parameters, is developed. 
Table 1; key parameters from optical characterisation of PDI, in solvents of differing 
dielectric constant ε.  These are fitted absorption peaks (λabs), photoluminescence 
peaks (λPL), Stokes shift and photoluminescence quantum-yield (PL-QY) for material X, 
with comparable absorption data also shown for material Y. 
 ε λ
abs
(nm) 
 
λ
abs
(nm) 
material Y 
λ
PL
(nm) 
 
Stokes 
(nm) 
PL-
QY(%) 
Toluene 2.38 525.2 
488.6 
456.1 
526.3 
489.2 
456.7 
537.0 
578.3 
624.7 
12.0 36 
Chloroform 4.81 525.0 
488.2 
452.4 
527.0 
490.0 
458.5 
534.0 
576.6 
624.7 
9.0 52 
o-DCB 9.93 529.0 
492.2 
460.0 
530.8 
493.4 
459.4 
540.5 
582.0 
630.3 
15.5 68 
Acetone 20.7 518.6 
483.0 
450.8 
 530.8 
570.7 
617.2 
12.2 81 
Acetonitrile 37.5 518.8 
483.6 
451.9 
 533.1 
573.0 
618.2 
14.3 66 
DMSO 46.7 524.7 
490.9 
461.5 
 541.2 
583.1 
634.2 
16.5 27 
 
Figure 5; The measured values for the ratio between the absorption wavelength 
maxima and solvent boiling point for both PDI materials X and Y, as compared to the 
derived parameter α. 
The mathematical expression is based on the dielectric 
constant (ε), density (ρ), molar mass (Mm), molar 
concentration (cm) and dipole moment for the molecule (Dm) 
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and each solvent (Dms).
§§
 These terms were chosen by 
dimensional analysis to give a derived dimensionless 
parameter (αd), i.e.  
 
 


    (2) 
Comparing this expression to the experimental results, where 
alpha (α) represents the boiling point divided by absorption 
maxima wavelength, yields a similar trend as shown in Figure 
5. The results obtained for material Y also shown an excellent 
quantitative agreement, over the limited range over which 
data is collected, giving some initial indications of the potential 
applicability of our model and approach. Whilst this model still 
lacks some intuitive components, such as explicit parameters 
relating to the solute and the temperature dependence of the 
dielectric constant, it demonstrably offers a good starting 
point as a predictive tool, for development into more 
sophisticated models of solvatochromism in small molecule 
semiconductors, such as the PDIs. We note that a closer study 
of temperature dependence might enable a convergence with 
other physical models of intermolecular interactions, such as 
the Hildebrand solubility parameter (δ),
34
 which is related to 
the square root of the cohesive energy density (heat of 
vaporisation per molar volume) of solution. 
 
Figure 6; (a) Experimental absorption spectra for PDI material X in toluene, in 
comparison to the quantum chemical simulation.  (b) LUMO (top, purple) and HOMO 
(bottom, orange); calculated energies and orbitals for the optimised simulation. 
The PDI material X was found to be simulation-friendly, 
allowing the vibronically resolved spectra to be accurately 
simulated in Gaussian (Figure 6a). The resulting absorption 
spectrum shows features very similar to the experimentally 
collected data for the PDI in toluene; the line-shape is broadly 
accurate and shows additional fine structure which is 
broadened out experimentally. The simulated HOMO and 
LUMO electronic wavefunctions are also representative of PDI 
molecules, with these orbitals being focused on the perylene 
inner core (Figure 6b). The corresponding calculated energy 
gap (≈ 2.4 eV) calculated indicated that the spectral features 
observed both experimentally and computationally exclusively 
originate from the HOMO-LUMO transition, as expected. 
Finally, the effects of medium dielectric constant on the 
electronic and optical molecule were simulated with Gaussian, 
using the methods described above in the Methodology 
section, and a Polarizable Continuum Model (PCM) from Self-
Consistent Reaction Field (SCRF) solvation theory;
35
 the results 
of this are summarised in Table 2. For the simulation in “free-
space” gas-phase, it is implicit that ε = 1.  We observe the 
calculated values of HOMO and LUMO both increase 
monotonically in magnitude (becoming more negative) with 
increasing ε. Likewise, the inferred 0-0 transition wavelength 
also increases monotonically (spanning an expected range of λ 
= 565 to 579 nm) with increasing ε. Hence, there is a very clear 
contrast with the theoretically predicted behaviour, when 
primarily considering the solvent-molecule interactions, and 
experimentally where the additional effects of intermolecular 
(π-π orbital) interactions must also be considered.  
Table 2; quantum chemical modelling outputs, giving calculated solvation energies 
(Esolv), HOMO/LUMO energies, predicted absorption wavelength (λpeak), and 
dimensionless 0-0 oscillator strength (fi), in each of the solvent media studied. 
 Esolv 
(KJ/mol) 
HOMO 
(eV) 
LUMO 
(eV) 
λpeak 
(nm) 
fi 
Free space - -6.37 -4.18 565.4 0.659 
Toluene 44.6 -6.25 -4.08 571.3 0.866 
Chloroform 68.1 -6.19 -4.04 574.9 0.976 
o-DCB 83.9 -6.15 -4.00 577.7 1.048 
Acetone 91.7 -6.13 -3.99 579.0 1.084 
Acetonitrile 96.9 -6.12 -3.98 579.6 1.100 
DMSO 96.9 -6.12 -3.98 579.7 1.105 
 
Conclusions 
In this experimental and computational investigation into the 
solvatochromism of a perylene diimide derivative, a 
complicated general trend of hypsochromism in the low to mid 
ε range, and a reversed trend of bathochromism in the mid to 
high ε range, was observed. The dependency of aggregation on 
the solvent interactions and polarities was illustrated by the 
inverse correlations between luminescence quantum yield and 
absorption linewidth, and also the peak absorption 
wavelength and the solvent boiling point. 
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A detailed quantum computational study of the electronic 
states of the molecule was also conducted, including suitable 
solvation models, offering a qualitative insight into the 
significance of intermolecular π−π interactions beyond the 
solvent interactions in these simulations. In contrast to 
experimental observation, the calculated values of HOMO, 
LUMO, and the inferred peak absorption wavelength all vary 
monotonically with increasing ε. An elementary intuitive 
model was thus developed, which successfully links the 
solvatochromic variations with physical parameters associated 
with intermolecular forces within the solvent media, such as 
solubility and boiling point.  
With perylene chromophores and derivatives currently 
such an important class of functional materials in soft- and 
solution-state media, covering the diverse fields of 
biomedicinal photosensitizers,
36, 37
 fluorescent 
labelling/imaging agents,
38, 39
 drug carrying nanomaterials,
40
 
diagnostic agents and molecular probes
41
 (in addition to their 
putative uses in organic optoelectronics as described 
previously), this work points towards improved empirical 
models of solvatochromism effects in small molecule 
chromophores. 
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